The kinetics and mechanism of the pyridinolysis (XC 5 H 4 N) of diethyl isothiocyanophosphate are investigated in acetonitrile at 55.0 o C. The Hammett and Brönsted plots for substituent X variations in the nucleophiles exhibit the two discrete slopes with a break region between X = 3-Ac and 4-Ac. These are interpreted to indicate a mechanistic change at the break region from a concerted to a stepwise mechanism with rate-limiting expulsion of the isothiocyanate leaving group from a trigonal bipyramidal pentacoordinated intermediate. The relatively large β X values with more basic and less basic pyridines imply much greater fraction of frontside nucleophilic attack TSf than that of backside attack TSb.
Introduction
In a previous work, the kinetics and mechanism of the pyridinolysis of Y-aryl phenyl isothiocyanophosphates [2; (YC 6 H 4 O)(PhO)P(=O)NCS] involving a leaving group of isothiocyanate (NCS 1 Surprising substituent effects of the nucleophiles and substrates were found. The Hammett and Brönsted plots for substituent X variations in the nucleophiles exhibited biphasic concave upwards with a break point (σ X = 0.2). On the contrary, the Hammett plots for substituent Y variations in the substrates exhibited biphasic concave downwards with a break point at Y = H. For electron-donating Y substituents (σ Y < 0) the Hammett coefficients are positive (ρ Y > 0) and cross-interaction constants (CICs) 2 are negative (ρ XY < 0), while those for electron-withdrawing Y substituents (σ Y > 0) are negative ρ Y with positive ρ XY . These are interpreted to indicate mechanistic change at the breakpoint from a concerted to a stepwise mechanism with a rate-limiting expulsion of the NCS -group from a trigonal bipyramidal pentacoordinated (TBP-5C) intermediate. In the present work, the nucleophilic substitution reactions of diethyl isothiocyanophosphate (1) with X-pyridines are kinetically investigated in MeCN at 55 o C (Scheme 1). The interest is centered into the mechanistic change and/or transition (TS) structure variation associated with the substituent X changes in the nucleophiles for the phosphoryl transfer reactions involving a leaving group of isothiocyanate by determining the Hammett (ρ X ) and Brönsted (β X ) coefficients. leaving group of chloride (Cl -) with regard to the leaving group mobility, selectivity parameter, and mechanism.
The B3LYP/6-311+G(d,p) geometries, bond angles, and natural bond order (NBO) charges of 1 and 2 in the gas phase 5 are shown in Figure 1 . The MO theoretical structures show that the three oxygens and nitrogen have more or less distorted tetrahedral geometry with the phosphorus atom at the center. The degree of distortion of 2 (Δδ = 0.42) is greater than that of 1 (Δδ = 0.38) due to larger size of the two phenoxy ligands compared to the two ethoxy ligands.
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Results and Discussion
The reactions were carried out under pseudo-first-order conditions with a large excess of pyridine. The observed pseudo-first-order rate constants (k obsd ) for all the reactions obeyed Eq. (1) with negligible k 0 (≈ 0) in MeCN. The second-order rate constants (k 2 ) were determined with at least five pyridine concentrations. The linear plots of Eq. (1) suggest a lack of any base-catalysis or side reaction, and the overall reaction is described by Scheme 1.
The second-order rate constants [
)] are summarized in Table 1 . The Brönsted β X value was calculated by correlating log k 2 (MeCN) with pK a (H 2 O).
7 This procedure of using pK a (H 2 O) instead of pK a (MeCN) values of Xpyridines has been shown to be justified theoretically and experimentally since there is a practically constant difference between the two sets of pK a 's in H 2 O and in MeCN for various X-pyridines so that the slopes in the two solvents differ insignificantly. 8 The pyridinolysis rates are not consistent with a typical nucleophilic substitution reaction. The rate becomes slower with a weaker nucleophile for X = (4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac). However, the rate with X = 4-Ac is unusually 3.6 times faster than with X = 3-Ac in spite of greater basicity of 3-acetylpyridine compared to 4-actylpyridine. After a break region, the rate becomes slower with a weaker nucleophile for X = (4-Ac, 3-CN, 4-CN). Thus, both the Hammett ( Fig. 2 ; log k 2 vs σ X ) and Brönsted [ Fig. 3 ; log k 2 vs pK a (X)] plots for substituent X variations in the nucleophiles exhibit the two discrete slopes with a break region between X = 3-Ac and 4-Ac, giving ρ X = -5.35 ± 0.28 (r = 0.986) and -5.71 ± 0.14 (r = 0.977), and β X = 0.97 ± 0.24 (r = 0.990) and 0.63 ± 0.53 (r = 0.616) with X = (4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac) and X = (4-Ac, 3-CN, 4-CN), respectively. The selectivity parameters with more basic pyridines are slightly smaller than those with less basic pyridines. These kinetic results strongly suggest a change of the reaction mechanism from more basic to less basic pyridines.
The second-order rate constants (k 2 ) with unsubstituted pyridine (C 5 H 5 N) at 55.0 o C, NBO charges at the reaction center P atom in the gas phase [B3LYP/6-311+G(d,p) level of theory], 5 summations of Taft's steric constants of the two ligands [ΣE S = E S (R 1 ) + E S (R 2 ) from E S (Et) = -0.07 and E S (Ph) = -2.48], 9 Brönsted coefficients (β X ), and CICs (ρ XY ) 2 for the pyridinolyses (XC 5 H 4 N) of 1, 1', 2, and 2' in MeCN are summarized in Table 2 . The pyridinolysis rate ratios of k(1')/k(1) = 12 and k(2')/k(2) = 257 indicate that the leaving group mobility of chloride is greater than that of isothiocyanate. In other words, chloride is a better leaving group compared to isothiocyanate. The leaving group mobility is strongly dependent upon the nature of the two ligands. The magnitude of the NBO charge of the reaction center P atom does not play any role to determine the leaving group mobility. The rate ratio of k(1)/k(2) = 2.9 is opposite to that of k(1')/k(2') = 0.14, implying that the major factor to decide the reactivity is different between the two systems. The rate ratio of k(1)/k(2) = 2.9 seems to indicate that the steric effects of the two ligands are the predominant factor to decide the reactivity, i.e., the greater the two ligands, the rate becomes slower. 10 The rate ratio of k(1')/ k(2') = 0.14 is atypical result.
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The pyridinolyses of 1' and 2' involving the chloride leaving group yielded linear free energy relationships for substituent X (and Y) variations in the nucleophiles (and substrates). A concerted mechanism with both frontside and backside nucleophilic attack was proposed for the reactions of 1' on the basis of the magnitudes of relatively large β X (= 0.73) value.
3 A concerted mechanism with an early TS involving backside nucleophilic attack towards the Cl leaving group was proposed on the basis of small negative CIC (ρ XY = -0.15) 12 and small values of Brönsted coefficients (β X = 0.16-0.18) for the pyridinolysis of 2'.
4
Chloride should be a far better leaving group than isothiocyanate. The change of the leaving group from chloride to that of a lower leaving ability, isothiocyanate, can cause a change in mechanism from a concerted to a stepwise process with a rate-limiting breakdown of the TBP-5C intermediate. This is in accord with the well established trend of the mechanistic change depending on the leaving group ability: the lower the leaving ability of the leaving group, the greater is the tendency for a stepwise mechanism with a rate-limiting expulsion of the leaving group from the intermediate. 1 The Hammett and Brönsted plots are biphasic concave upwards with X: (i) for more basic pyridines, frontside nucleophilic attack TSf (Scheme 2) was proposed on the bases of large β X (= 1.13-1.28) values; (ii) for less basic pyridines, backside attack TSb (Scheme 2) was proposed on the bases of small β X (= 0.08-0.22) values, suggesting an equatorial nucleophilic attack for more basic pyridines in contrast to an apical attack for less basic pyridines.
1 It is well known that a weakly basic group has a greater apicophilicity so that apical approach is favored for such nucleophiles.
14 Since the apical bonds are longer than the equatorial bonds, 14 the apical nucleophilic attack should lead to a looser P-N bond in the TBP-5C structure and hence a smaller magnitude of β X .
In the present work of 1, the Hammett and Brönsted plots for substituent X variations in the nucleophiles show the two discrete slopes with relatively large β X values: β X = 0.97 and 0.63 with more basic (X = 4-MeO, 4-Me, H, 3-MeO, 3-Cl, 3-Ac) and less basic pyridines (X = 4-Ac, 3-CN, 4-CN), respectively.
15 Note that the two β X values are comparable regardless of the nature of the substituent X, more basic or less basic pyridines. 15 As observed in the present work, the discrete two slopes for substituent X variations in the nucleophiles with relatively large β X (= 0.66-1.04 and 2.13-2.14 with more basic and less basic pyridines, respectively) values were observed for the reactions of Y-O-aryl methyl phosphonochloridothioates [Me(YC 6 H 4 O)P(=S)Cl] with Xpyridines in MeCN. 16 The obtained CICs (ρ XY ) are −1.76, 0, 2.80, and ~0 with stronger nucleophiles and weaker electrophiles, weaker nucleophiles and weaker electrophiles, stronger nucleophiles and stronger electrophiles, and weaker nucleophiles and stronger electrophiles, respectively. 17 The β X values are 0.7-1.0 and 1.0-1.1 with more basic and less basic pyridines, respectively.
17 A concerted mechanism (or a stepwise mechanism with a rate-limiting bond formation) was proposed for stronger nucleophiles and weaker electrophiles, 18 while a stepwise mechanism with a rate-limiting bond breaking was proposed for weaker nucleophiles and weaker electrophiles, stronger nucleophiles and stronger electrophiles, and weaker nucleophiles and stronger electrophiles on the basis of the sign and magnitudes of CICs (ρ XY ).
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In the present work, thus, the authors propose a concerted S N 2 mechanism for more basic pyridines and a stepwise mechanism with a rate-limiting leaving group departure from the TBP-5C intermediate for less basic pyridines on the basis of the pyridinolysis mechanism of Y-O-aryl methyl phosphonochloridothioates, showing same free energy relationship as the present work with X. The relatively large β X values with more basic and less basic pyridines imply much greater fraction of frontside nucleophilic attack TSf than that of backside attack TSb (Scheme 2).
The activation parameters determined with rate constants at three temperatures are summarized in Table 3 . The values of enthalpy of activation and entropy are comparable to the corresponding values for the reaction with better leaving group (Cl − ), e.g. ΔH ‡ and ΔS ‡ values are 6.3 kcal mol −1 and -44 eu for 1' with X = H. 3 The relatively small value of enthalpy of activation and large negative value of activation of entropy are general in the phosphoryl transfer reaction.
Experimental Section
Materials. HPLC grade MeCN (less than 0.005% water content) was used without further purification. The X-pyridines (GR grade) were used without further purifications. Standard deviation
